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Abstract In any metabolomics experiment, robustness
and reproducibility of data collection is of vital importance.
These become more important in collaborative studies
where data is to be collected on multiple instruments. With
minimisation of variance in sample preparation and
instrument performance it is possible to elucidate even
subtle differences in metabolite ﬁngerprints due to geno-
type or biological treatment. In this paper we report on an
inter laboratory comparison of plant derived samples by
[
1H]-NMR spectroscopy across ﬁve different sites and
within those sites utilising instruments with different
probes and magnetic ﬁeld strengths of 9.4 T (400 MHz),
11.7 T (500 MHz) and 14.1 T (600 MHz). Whilst the
focus of the study is on consistent data collection across
laboratories, aspects of sample stability and the require-
ment for sample rotation within the NMR magnet are also
discussed. Comparability of the datasets from participating
laboratories was exceptionally good and the data were
amenable to comparative analysis by multivariate statistics.
Field strength differences can be adjusted for in the data
pre-processing and multivariate analysis demonstrating that
[
1H]-NMR ﬁngerprinting is the ideal technique for large
scale plant metabolomics data collection requiring the
participation of multiple laboratories.
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1 Introduction
The impact and utility of metabolomics on the systematic
study of biological systems will be much greater if data
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DOI 10.1007/s11306-010-0200-4from many laboratories can be pooled in centralised
searchable electronic resources. One of the main constraints
to overcome, in working towards an international meta-
bolomic database, is the standardisation and normalisation
of data collected from different laboratories. Discussions
aimed at harmonising methodologies and the setting of
guidelines for the collection and reporting of metabolomics
experiments have been published (Sumner et al. 2007;
Fiehn et al. 2007). These discussions form a suitable
framework for progression to standardised data, but the use
of a number of different technologies for metabolite data
collection will always require different parameters and
techniques for automated data alignment and comparison.
The various spectroscopic technologies utilised in meta-
bolomics each present their own problems. The alignment
of datasets from chromatography-linked mass spectroscopic
methods presents the biggest problem although algorithms
to align data within experiments have been developed
(Lommen 2009). The technology has not yet however
advanced to the extent that different laboratories can readily
combine data in such a way to allow electronic searching
and matching. The situation with metabolite ﬁngerprint
data, collected without chromatography is potentially less
problematic and alignment tools for Nuclear Magnetic
Resonance (NMR) spectra have been made available
(Stoyanova et al. 2004; Dumas et al. 2006). High resolution
NMR is the technique of choice for the organic chemist for
metabolite structure determination, and has played a lead-
ing role in the development of metabolomics, particularly in
medical and pharmaceutical sciences (Beckonert et al.
2007). [
1H]-NMR ﬁngerprinting, in particular, has been
applied extensively to bioﬂuids and tissue extracts (Lindon
et al. 2000) and to plant extracts (Ward et al. 2003, 2006;
Biais et al. 2009; Moco et al. 2008). The NMR spectra
contain much information about the chemical composition
of these complex sample mixtures. The spectra are normally
collected with a common internal standard, or possibly with
an electronic reference (Moing et al. 2004, Martı ´nez-Bisbal
et al. 2009), and the instrumentation is generally highly
stable and the data quantitative, regardless of metabolite
chemistry and free from the baseline drift issues that plague
other analytical techniques. Despite these positive attributes
in data quality, the development of electronic searching and
matching of NMR spectra has been hindered by the dif-
ferent spectral resolutions provided by the variety of mag-
netic ﬁeld strength instruments in use for metabolomics. A
recent paper has addressed this issue, using a standard
mixture and a ﬁsh tissue extract, in an inter-laboratory study
(Viant et al. 2009). In this paper we also demonstrate, using
plant derived samples, that inter-laboratory data collection
and electronic comparison of NMR data can be achieved,
even when data is collected on a variety of different ﬁeld
strength instruments.
2 Materials and methods
2.1 Plant growth
Seeds of the broccoli (Brassica oleracea var. italica) culti-
vars, Monaco and Iron Man, each commercial F1 hybrids
were obtained from Syngenta
TM and Seminis
TM respec-
tively. Seedlings were transplanted, after germination,
in open ﬁeld in Brittany in France (484801500 N 9
030901400 W) in early August 2007 and grown until end of
October 2007 (harvest date). The soil type was eolian-silt
(12% clay,16%ﬁnesilt,44%coarse silt, 24%ﬁnesand)and
the plant density was 27,500 plants/ha. Irrigation, watering,
fertilisation and pathogen-pest control were performed
according to organic commercial practices. For each culti-
var, 36 broccoli heads were randomly harvested at com-
mercial maturity on October 29th 2007. Samples were
processed within 24 h.
2.2 Tissue processing
Harvested tissues were washed for 1 min with tap water at
room temperature then wiped and used for sample prepa-
ration. For each cultivar, 36 broccoli heads were selected to
make six homogeneous lots (biological replicates) of six
heads each. For each biological replicate, in order to get a
homogenous sampling, several ﬂorets were taken in the
centre and on both sides of each broccoli head, corre-
sponding to 130 ± 10 gFW (Fresh Weight) per head. The
ﬂorets were cut into two equal parts and one half was
immediately deep frozen in liquid nitrogen and stored at
-80C. The frozen pieces were milled (UMC5 grinder,
STEPHAN
TM, Lognes, France) for 1.5 min with liquid
nitrogen in order to get a homogeneous ﬁne powder. The
resultant powdered samples were stored in 50 ml Falcon
tubes at -80C until analysis. For freeze-drying the tube
tops were pierced and replaced with new screw tops after
processing. Freeze-dried tissue was also stored at -80C
until NMR extracts were prepared (4 months after harvest).
One biological replicate of the Monaco cultivar was ran-
domly chosen for the selection of tissue type and sample
stability test performed in one laboratory.
2.3 Solvent extraction and NMR sample preparation
Twelve individual extracts of each of the two different
broccoli cultivars were prepared from a homogeneous
freeze-dried batch of broccoli tissue in one laboratory uti-
lising a standardised polar solvent extraction protocol
described in Baker et al. (2006). Freeze-dried tissue
(15 mg) was extracted in 80:20 D2O:CD3OD, containing
0.05% w/v TSP-d4 (sodium salt of trimethylsilylpropionic
acid) (1 ml), for 10 min at 50C. After cooling (5 min) and
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123centrifugation, the supernatant was transferred to a new
tube and subjected to a 90C heat shock for 2 min. After a
second round of cooling (30 min) and centrifugation,
850 ll of the supernatant was transferred to the ﬁnal vial for
sample pooling. The 12 replicate extracts from each cultivar
were combined to give a homogeneous master extract.
From this pooled sample, identical aliquots (750 ll), were
transferred into 10 separate glass vials which were trans-
ported at room temperature to the individual partner labo-
ratories for initial analysis within 48 h. At the receiving
laboratory, 600 ll of each sample was transferred into
5 mm NMR tubes for analysis. The NMR tubes (5 mm
economy NMR tubes WG-1226) were also supplied to
ensure parity across laboratories in terms of tube quality.
2.4 NMR data collection
[
1H]-NMR spectra were acquired at 300 K on seven dif-
ferent Bruker Avance Spectrometers at ﬁve separate labo-
ratories, operating at 400, 500 and 600 MHz, equipped
with either 5 or 10 mm probes as detailed in Table 1.A
water suppression pulse sequence was utilised employing a
presaturation pulse during the relaxation delay of 5 s. 500
and 600 MHz data were acquired using either 128 or 256
scans of 65,536 data points. 400 MHz data were acquired
using either 256 or 1024 scans of 32,768 data points across
a sweep width of 12 ppm. Where available, gradient
shimming was utilised, otherwise conventional automated
lock signal shimming was carried out. All FIDs were zero
ﬁlled to double their original size, and Fourier transformed
with an exponential window function (0.5 Hz). Spectra
were manually phased and automatically baseline corrected
using a 2nd order polynomial.
1H chemical shifts were
referenced to d4-TSP at d 0.00.
2.5 Schedule of data collection
NMR spectra were recorded three times across a 6 day
period according to the schedule outlined in Table 2,i n
both spinning and non-spinning mode. In each laboratory,
data collection was performed on pre-deﬁned days with the
initial dataset collected within 24 h of sample receipt.
2.6 Data analysis
For multivariate analysis [
1H]-NMR spectra were auto-
matically reduced, using AMIX (Analysis of MIXtures
software, Bruker Biospin), to create two different ASCII
ﬁles containing integrated regions or ‘‘buckets’’ of equal
width (0.01 and 0.04 ppm). Spectral intensities were scaled
to the d4-TSP region (d 0.05 to -0.05). The ASCII ﬁle was
imported into Excel for the addition of sampling/treatment
details. The regions for unsuppressed water (d 4.865–
4.775), d4-MeOH (d 3.335–3.285) and d4-TSP (d 0.05 to
-0.05) were removed prior to importing the dataset into
SIMCA-P 11.0 (Umetrics, Umea, Sweden) for multivariate
analysis. Principal component analysis (PCA) was carried
out using mean centred data for the full NMR dataset and
with unit variance scaling for models constructed from
calculated metabolite concentrations.
2.7 Calculation of metabolite concentrations
Concentrations of individual metabolites present in the
solvent extract were calculated by comparison to the known
concentration of d4-TSP present in the solvent as follows:
Moles metabolite per 100 ml = (area metabolite peak/area
TSP peak) 9 (moles TSP per 100 ml) 9 (9/no of hydrogen
atoms represented in metabolite peak). 15 mg of tissue was
Table 1 NMR parameters used for the inter-laboratory ‘‘Ring’’ Experiment
Lab codes RRes WU Rikilt INRA Bruker
Field strength (MHz) 600 400 600 500 400 500 400
Time domain 64 k 32 k 64 k 64 k 32 k 64 k 32 k
Number of scans 128 1024 128 128 256 256 256
Lock signal D2OD 2OD 2OD 2OD 2OD 2OD 2O
Sweep width 12 ppm 12 ppm 12 ppm 12 ppm 12 ppm 12 ppm 12 ppm
Relaxation delay 5 s 5 s 5 s 5 s 5 s 5 s 5 s
Water suppression power level (db) 54.4 65.0 62.0 – 80.0 65.0 68.5
Size of the processed data 64 k 32 k 64 k 64 k 32 k 64 k 32 k
FID window multiplication mode 0.5 EM 0.5 EM 0.5 EM 0.5 EM 0.5 EM 0.5 EM 0.5 EM
Polynomial degree for baseline
correction
22 2 2 2 22














Lab codes: RRes Rothamsted Research, WU Wageningen University, Rikilt Institute of Food Safety, Wageningen; INRA Centre INRA de
Bordeaux, Bruker Bruker Biospin
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123extracted with 1 ml of solvent. Thus the concentration
(ug/mg)ofmetaboliteinthe tissuewasderived from(moles/
100 ml) 9 (molecular weight of metabolite) 9 10,000/15).
For absolute quantiﬁcation a correction must be applied
to account for differences in T1 between different NMR
spectrometers.
3 Results and discussion
3.1 Tissue selection and sample stability
In order to carry out the inter-laboratory comparison using
NMR it was important to establish the stability of the
‘‘test’’ samples. In the proposed comparison study,
whereby the technique of [
1H]-NMR ﬁngerprinting was to
be conducted at different European laboratories over a
7 day period it was imperative that no variance would be
introduced by the deterioration of the test samples during
this time period. The test samples consisted of extracts of
broccoli ﬂorets and in order to ensure extract stability the
chosen protocols were applied to generate NMR samples
that were repeatedly analysed, at 600 MHz, on a single
instrument. This initial study also included an assessment
of the stability of extracts of both fresh and freeze-dried
tissue. Figure 1 shows the typical NMR spectra obtained
from a polar (80:20 D2O:CD3OD) solvent extraction on
both fresh (Fig. 1a) and freeze-dried (Fig. 1b) broccoli
tissue. As with many NMR spectra obtained from plants,
the spectrum is dominated by primary metabolites such as
carbohydrates, amino acids and organic acids. Although
there are a few peaks present in the fresh tissue spectrum
that are absent from the freeze-dried tissue spectrum, there
is good comparability between the two tissue types for the
majority of peaks with only small changes evident between
samples (e.g. peak 13, Fig. 1b2 which corresponds to
sucrose). Importantly there are no peaks in the spectra of
freeze-dried tissues that may have arisen due to the freeze-
drying process. The analytical reproducibility is demon-
strated in Fig. 2 which shows data generated from three
separate tissue aliquots. Two common regions of the
spectrum have been selected and include the region cor-
responding to the anomeric proton of a-glucose
(5.25–5.15 ppm; Fig. 2a1) and secondly the region con-
taining characteristic valine, leucine and isoleucine peaks
(0.9–1.1 ppm, Fig. 2a2). For both regions there is good
reproducibility for the freeze-dried samples but it is evident
that there was more variability in the peak intensity of
samples derived from fresh material, particularly for the
glucose region which is known to be problematic in plant
derived samples due not only to its proximity to the water
suppression region of the spectrum but also due to








A1 1-Wednesday Iron Man No-spinning
A2 1-Wednesday Iron Man Spinning
B1 1-Wednesday Monaco No-spinning
B2 1-Wednesday Monaco Spinning
A3 3-Friday Iron Man No-spinning
A4 3-Friday Iron Man Spinning
B3 3-Friday Monaco No-spinning
B4 3-Friday Monaco Spinning
A5 6-Monday Iron Man No-spinning
A6 6-Monday Iron Man Spinning
B5 6-Monday Monaco No-spinning
B6 6-Monday Monaco Spinning
Fig. 1 Comparison of [
1H] NMR spectra obtained from fresh (a) and
freeze-dried (b) broccoli tissue using an 80:20 D2O:CD3OD solvent
extraction protocol. Sections 1, 2 and 3 relate to the aromatic region,
the carbohydrate region and aliphatic region of the spectra respec-
tively. Regions denoted by an arrow highlight possible differences
between tissue types. Compounds with characteristic non-overlapping
signals: 1: valine; 2: isoleucine; 3: leucine; 4: threonine; 5: alanine; 6:
leucine; 7: GABA; 8: glutamate; 9: glutamine; 10: asparagine; 11:
aspartate; 12: citrate & malate; 13: sucrose; 14: glucose; 15: fructose;
16: fumarate; 17: phenylalanine; 18: tyrosine
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123unwanted carbohydrate conversion if enzyme activity is
not eliminated in the extraction procedure (Baker et al.
2006). What was clear, however, was that there was little
drift in the recorded chemical shifts and that, as expected,
the stability of the instrumentation was excellent across all
samples studied. PCA was carried out on the full NMR
datasets obtained from fresh and freeze-dried samples
(Fig. 2b). Clearly sample types separated in the direction of
PC1 which described 72% of the variance, and a tighter
clustering was obtained with the freeze-dried samples.
From these data it was concluded that for the inter-lab
comparison, samples would be generated from aliquots of
freeze-dried tissue. In order to assess the stability of the
solvent extracts over time, the same NMR samples were re-
analysed 6 days later under identical NMR instrument
conditions. Data from this comparison is shown in Fig. 3
and demonstrates that there has been no deterioration in
sample quality and no qualitative or quantitative differ-
ences in peaks were observed. The datasets overlay per-
fectly when visualised together demonstrating that samples
could be kept and re-analysed without the risk of deterio-
ration during extended studies. Most importantly, with
conﬁdence in sample stability, any variation introduced
during the inter-laboratory comparison could be ascribed to
differences in magnetic ﬁeld strength, instrument set-up
and conﬁguration or physical location differences.
3.2 Inter-laboratory comparison—instrument set-up
and experimental schedule
Prior to the inter-laboratory comparison, details of the
NMR parameter set were sent to each laboratory in order
that contributing partners could set up their instruments to
collect data in as near identical conditions as possible.
Details of instrument conﬁgurations, probe speciﬁcation
and the ﬁnal data collection parameters used by each lab-
oratory are shown in Table 1. The inter-laboratory com-
parison comprised Bruker Avance NMR instruments of
different magnetic ﬁeld strength (400, 500 & 600 MHz),
utilising a range of probe types including selective inverse,
broadband observe and inverse, multinuclear and even a
cryoprobe. In general the size of the probes used in this
experiment were 5 mm although one 500 MHz instrument
was conﬁgured with a 10 mm probe. Data was collected
using a water suppression pulse sequence across an iden-
tical sweep width of 12 ppm in all cases. The number of
scans utilised varied depending on the magnetic ﬁeld
strength and probe type. To avoid potential problems
associated with temperature variation in different NMR
laboratories, instruments were all set to 300 K, using a
calibration sample of d4 methanol (Findeisen et al. 2007).
Fig. 2 Comparison of two regions (a1 and a2) of 600 MHz NMR
spectra of extracts of fresh and freeze dried broccoli tissue. Each
tissue type contains three superimposed spectra. Higher variability
observed in data when fresh tissue was extracted. (b) PCA analysis of
full NMR dataset, binned to 0.01 ppm, from fresh (F) and freeze-
dried (F/D) broccoli tissue
Fig. 3 Results from stability
test. Aliphatic and carbohydrate
regions of NMR spectra of
freshly prepared broccoli
sample (A) aligned with that
from 6-day old extract (B)
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123In addition to instrument set-up instructions, a schedule
for data collection was given (Table 2). The schedule
allowed collection of three datasets over 6 days for each of
the two biological samples in the experiment. On each
occasion data was collected with and without rotation of
the sample. Two different broccoli cultivars, Iron Man and
Monaco, were included in the experiment. On each occa-
sion participants were asked to collect data in spinning and
non spinning mode to assess the effect of sample rotation
on the quality of the ﬁnal dataset.
3.3 NMR stability—individual laboratories
Data from each laboratory was visually inspected by
superimposing the three replicate datasets obtained from
each biological sample. Figure 4 shows an expansion of the
region between 5.22 and 5.19 ppm containing the anomeric
hydrogen signal of a-glucose as an example. The data
overlays exceptionally well in this region in terms of both
chemical shift and intensity, demonstrating that within one
laboratory there is very little, if any, variation in the NMR
spectrum when the same sample is analysed over 6 days.
Data from each laboratory and each separate NMR
machine behaved in a similar manner (not shown). This
result was entirely expected since it has previously been
reported that drift in chemical shift in samples from green
plant tissue is minimal (Ward and Beale 2006) and that
with careful sample preparation, control of pH and tem-
perature during data acquisition, signals arising from the
same metabolite should occur at exactly the same chemical
shift from sample to sample (Krishnan et al. 2005).
3.4 Spinning versus non spinning
Spinning an NMR sample within the magnet has the
advantage of averaging ﬁeld inhomogeneity and thus
increases the resolution of the peaks observed in the ﬁnal
spectrum. Under some conditions however, spinning the
sample produces spurious signals or ‘‘sidebands’’ that are a
consequence of modulation of the magnetic ﬁeld at spin-
ning frequency. In instruments of lower magnetic ﬁeld
strength (e.g. 400 MHz) it may be necessary to rotate the
sample in order to achieve as good resolution as possible
but at higher magnetic ﬁeld (e.g. 600 MHz) rotation of the
sample is seen to be undesirable due to the increased risk of
these spinning sidebands. The problem in a metabolomics
experiment is, that when analysing a complex mixture,
such as un-fractionated plant extracts, the ﬁnal spectrum
will contain a large number of overlapping peaks and
spinning sidebands of large peaks could possibly interfere
and thus skew the ﬁnal dataset. In a metabolomics exper-
iment, where the experimentalist is trying to determine
differences between the datasets, these peaks should actu-
ally cause very little problem as although undesirable, they
have a ﬁxed intensity (usually 1–2%), proportional to that
of the genuine peak and thus would not vary across the
dataset. In order to test this theory and the consequences of
sample rotation, partners in the inter-laboratory comparison
study were requested to collect datasets in both spinning
and non-spinning mode. To further standardise the exper-
iment, partners were supplied with identical NMR tubes to
use of a set grade to minimise any variation due to cylin-
drical symmetry or glass quality of the NMR tube itself.
Sample spectral data (from the characteristic aliphatic
valine, isoleucine and leucine region (0.9–1.1 ppm))
obtained in spinning and non spinning mode is shown in
Fig. 5 and includes that from 600 MHz (Fig. 5a) and
400 MHz (Fig. 5b) instruments. Resolution was found to
be slightly decreased in the non-spinning samples at both
400 and 600 MHz (e.g. mean line width of TSP peak at
half height in 600 MHz spinning samples was 0.90 Hz
compared to 1.19 Hz for non-spinning samples). This is
accompanied with an apparent increase in signal intensity
in the non-spinning samples over those which had been
rotated (due to similar resolution differences in TSP signal
and subsequent scaling thereof). This is offset by a lower
Fig. 4 Assessment of instrument stability. Results obtained from
three successive runs of the same NMR sample at days 1, 3 and 6.
a a-Glucose anomeric proton region (d5.22–5.19) from three
superimposed 600 MHz NMR spectra collected at one site. b Spectral
region as a with x-axis offset, demonstrating intensity reproducibility.
Red Day1, Green Day3, Black Day6. c Spectral region as a with y-
axis offset, demonstrating chemical shift reproducibility. Red Day1,
Green Day3, Black Day6
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123resolution of the individual peaks within a particular signal
and thus represents a broadening of the resonance due to
errors in low order X/Y shims. At 600 MHz, the broad-
ening of the peaks due to not rotating the sample is evident
but in the case of most metabolomics studies where NMR
data is employed, a bucketing or binning routine is
employed to segment the dataset into equal size buckets
and thus any small changes in peak width or slightly poorer
resolution would be dealt with in post processing of the
data.
3.5 Multivariate analysis of combined inter-laboratory
dataset
Datasets from individual laboratories were processed using
identical parameters by the lead laboratory (Table 1). A
visual comparison of data obtained from instruments at
comparable ﬁeld strength showed little variation in
chemical shift, resolution or intensity of the peaks. This
was the case for data collected at both 400 and 600 MHz.
When comparisons were made across the entire experi-
ment, however, it was clear to see that the spectral quality,
in terms of resolution, increased with ﬁeld strength. This
was not unexpected and is the reason why higher strength
instruments, albeit that they are more expensive, are used
where possible, not only to shorten data acquisition times
but also to improve separating power and resolution,
especially when the need is to resolve overlapping peaks in
a complex mixture.
Multivariate statistical approaches are often employed in
metabolomics experiments to discriminate between sam-
ples of interest and to discern the metabolites responsible
for the separation. Data for this inter-laboratory comparison
study has been similarly modelled (Fig. 6) utilising PCA.
Here the data from each partner laboratory, was reduced to
bins of equal width (0.01 ppm) across the full spectral width
and modelled together to try and establish if the two broc-
coli cultivars present in the study could be separated irre-
spective of the ﬁeld strength of the instrument or location of
the laboratory and associated instrument set-up. Figure 6a
shows six clusters within the PCA scores plot and a sepa-
ration in the direction of PC1, accounting for 61% of the
total variance, according to magnetic ﬁeld strength and thus
resolution of the ﬁnal spectra. Pleasingly, data from the
instruments of the same magnetic ﬁeld strength cluster very
tightly irrespective of where they are located, whether the
sample was rotated or not, and which probe was utilised for
data collection. In the same PCA model, PC2, accounting
for 35% of the variance, was able to separate the two
broccoli cultivars. Analysis of the loadings plots (Fig. 6b)
for this statistical model demonstrated this further showing
that PC2 gives the true information on genotypic difference
(carbohydrates, amino acids etc.) whilst that for PC1 con-
tains a series of positive and negative peaks which resemble
‘‘noise’’. This effect is due to the fact that bucketing or
binning to 0.01 ppm has divided the broader peaks obtained
at 400 MHz and to a lesser extent, 500 MHz whereas the
selection of 0.01 ppm binning width is entirely suitable for
the more resolved 600 MHz data. Widening the bucket
width to 0.04 ppm and re-building the PCA model (Fig. 6c)
now shows the same six clusters as previously but the ori-
entation has now changed such that PC1, accounting for
80% of the variance, now describes the difference between
the two broccoli cultivars rather than the magnetic ﬁeld
strength which is now, at this higher bucket width,
explained by PC2 (accounting for 18% of the variance).
Thus the expansion of the width of the bin utilised in post
acquisition processing has effectively reduced the resolu-
tion of a 600 MHz spectrum to that resembling data col-
lection at 400 MHz. This is highlighted in Fig. 6d which
represents the loadings plot of the second PCA model.
Fig. 5 Comparison of a broccoli extract run with and without
rotation during spectra acquisition. a 600 MHz spectra region from
0.9 to 1.1 ppm. b 400 MHz spectra region from 0.9 to 1.1 ppm.
Spectra have been scaled to the signal height of TSP. As a
consequence, signals with linewidth broader that of the d4-TSP peak
show higher amplitude in the non-spinning case than in the spinning
case. Since quantiﬁcation evaluates signal area rather than signal
height, determination of concentration values is not affected
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demonstrate the loss of resolution by choosing a higher
bucket width but nonetheless show that metabolites
responsible for the biological difference between samples
are the same. Therefore when instruments of different ﬁeld
strength are used in the same study, selection of a larger
bucketing width can ‘‘reduce’’ the contribution of techno-
logical variability to the ﬁrst Principal Component in a PCA
model.
3.6 Statistical comparison of quantitative data
The advantage of [
1H] NMR is that if certain NMR
acquisition conditions are fulﬁlled (e.g. delay between
scans (D1)[ﬁve times the relaxation time (T1)) it is a
quantitative technique and with the addition of an internal
standard, one can calculate concentrations of individual
metabolites in the solvent extract if they display a clear
non-overlapping peak. To illustrate the robustness of
NMR and its quantitative ability, a selection of charac-
teristic chemical shift regions which related to key
metabolites found in typical broccoli polar solvent
extracts were selected across the spectral width. These
represent a range of metabolites of different concentra-
tions from high (sucrose) to low (valine). Concentrations
of these individual metabolites are given as histogram
plots in Fig. 7. As can clearly be seen, irrespective of
magnetic ﬁeld strength, the concentrations of metabolites
derived from the [
1H] NMR data are very reproducible,
agree with expected literature values (Gomes and Rosa
2000) and demonstrate which metabolites contribute to
the biological difference between the two broccoli
cultivars.
Finally, by taking the matrix of selected metabolite
concentrations derived, via integration of characteristic
metabolite peaks, from the NMR spectra of participating
laboratories, and modelling these using PCA, one can see
that the subsequent scores plot (Fig. 8) now contains only
two clusters which simply relate to the biological differ-
ence between the two samples. All variance due to ﬁeld
strength and set-up parameters has been minimised. It can
be seen that there is more variance between the higher ﬁeld
instruments in this analysis, and this can be attributed to a
greater sensitivity of these instruments to changes in
ambient temperature. Obviously the approach we have
taken would clearly be suitable for a multi-laboratory
metabolomics study where all the project data may need to
be modelled together or against other Y datasets, such as
transcriptomics or proteomics results.
4 Concluding remarks
In this study we have demonstrated that, with attention to
experimental design and careful set-up, data collection for
large-scale plant metabolite ﬁngerprinting using [
1H]-NMR
can be carried out as a dispersed activity across laboratories
using different NMR instruments. Data from the two cul-
tivars provided a means to examine different data pro-
cessing techniques to reveal the biochemical differences
whilst minimising the effect of the different spectral
resolutions. Thus, for plant [
1H]-NMR ﬁngerprinting,
multi-laboratory experiments with pooling of data are now
perfectly feasible and the way forward for co-ordinated
multi-national screens and databasing of large collections
of genotypes is now open. Although we have concentrated
Fig. 6 Impact of bucketing
width on Principal Component
Analysis. a PC1 vs. PC2 scores
plot resulting from model
constructed with data binned to
0.01 ppm. b Loadings plots
obtained from 0.01 ppm binned
data. c PC1 vs. PC2 scores plot
resulting from model
constructed with data binned to
0.04 ppm. d Loadings plots
obtained from 0.04 ppm binned
data. In both cases X cluster
relates to Iron Man samples and
Y cluster relates to Monaco
samples. Subclusters are
coloured according to individual
NMR instruments at
participating laboratories
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123Fig. 7 Mean concentrations of six selected metabolites obtained via
characteristic peak integration highlighting intra and inter-machine
variation across NMR data (with and without rotation) obtained from
two broccoli cultivars. Data collected on days 1, 3 and 6 (n = 6).
Black Monaco, Grey Iron man. Partner/Instrument—1: Bruker
400 MHz; 2: Rothamsted 400 MHz; 3: Rikilt 400 MHz; 4: INRA
500 MHz; 5: Wageningen University 500 MHz; 6: Rothamsted
600 MHz; 7: Wageningen University 600 MHz. Metabolites—a
valine (d 1.07–1.03); b threonine (d 1.35–1.29); c alanine (d 1.51–
1.44); d glutamine (d 2.49–2.42); e glucose (d 5.23–5.19 & d 4.64–
4.59); f sucrose (d 5.44–5.39). Error bars represent standard deviation
of mean values
Fig. 8 Scores plot from PCA model constructed from actual
metabolite concentrations derived via integration of characteristic
chemical shifts from a subset of six primary metabolites found in
broccoli NMR spectra (with and without rotation). a Data coloured
according to cultivar (Grey Iron Man, Black Monaco); b data as a,
depicted by symbols to illustrate different NMR ﬁeld strength and
location (open box Rothamsted 600 MHz, dot Bruker 400 MHz,
diamond INRA 500 MHz, solid box RIKILT 400 MHz triangle
Rothamsted 400 MHz, cross Wageningen University 600 MHz,
inverted triangle Wageningen University 500 MHz NMR)
Robustness of [
1H]-NMR ﬁngerprinting 271
123here on testing the ability to collect data from different
instruments and batch process them together, as we
envisage would happen in large multi-national screens
where raw data from different instrumentation is deposited
centrally, we realise that dispersal of the sample prepara-
tion to the different laboratories is another potential source
of data variation. This has not been tested in this work.
However, the experience of the Rothamsted laboratory,
where more than 20,000 plant samples (yielding[60,000
NMR) samples have been processed, in the past few years,
indicates that this source of operator/wet laboratory varia-
tion can be eliminated with strict adherence to the standard
operating procedure that was also used in the sample
preparation in this work.
Standardisation in methodology and reporting of results
is a focus of concern across all the ‘omics’ technologies
(Sumner et al. 2007; Fiehn et al. 2007; Hardy and Taylor
2007) and other inter-laboratory studies have been repor-
ted. An inter-laboratory plant metabolomics study by GC–
MS across three research groups has recently been reported
(Allwood et al. 2009), This study, which utilised identical
GC–MS instrumentation and samples prepared in a single
laboratory, but derivatised locally, concluded that major
metabolite features could be consistently measured across
the partners, but that automated peak retrieval, mode of
injection, chromatographic performance and data process-
ing all contributed to variation and that more standardisa-
tion would be necessary for large-scale dispersed data
collection by this technique. In contrast we have shown
that NMR proﬁling is a technique that is much more robust
and free from such machine variation.
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